We report three distinct regions within the A-phase in Fe-doped MnSi, based on the evolution of magnetoresistance and the Hall effect as a function of orientation of applied field. Fe impurities as pinning centers and crystalline anisotropy are found non-negligible only at the boundary of the A-phase. Electrical transport characteristics unique to the A-phase not only remain robust, but also indicate a freely rotating skyrmion lattice, decoupled from underlying crystal structure or impurity pinning.
The discovery of the magnetic skyrmion lattice (SkL) in cubic B20-structured intermetallic magnets has attracted intense interest inspired by both fundamental and practical aspects. It presents a rare opportunity to study unique properties in these non-trivial magnetic textures as a collection of particle-like individual skyrmions. The remarkably low current density required to drive individual skyrmions in motion [1] [2] [3] provides great potential for spintronic applications [4] [5] [6] . The idea of a thermodynamically stable structure of magnetic vortices has been suggested theoretically before [7, 8] . Considerable similarities between SkL and the vortex lattice phase in type-2 superconductors naturally motivates exploring possible skyrmion states [9] [10] [11] , analoguous to those exhibited by superconducting vortices.
The SkL in bulk B20 structured magnets emerges in a small pocket of the H-T phase diagram close to the magnetic ordering temperature T C , called the A-phase. It has been identified through small angle neutron scattering [12] as well as direct imaging by Lorentz tunneling electron microscopy (LTEM) [13, 14] . Moreover, SkL texture in the A-phase is characterized by the conspicuous topological Hall effect (THE) and the enhanced longitudinal resistivity in the corresponding range of temperature (T ) and applied field (H). The magnitude of the THE signal is directly proportional to to the emergent gauge field b arising from the SkL texture expressed as
where ǫ ijk is the Levi-Civita symbol with the indices running over x, y, and z,n(r) a unit vector of the magnetization M(r), and Φ 0 = h/|e| [8, 15] . The magnitude of this gauge field is estimated to as large as 20 -45 T for Fe-doped MnSi, which gives arise to a highly unusual Hprofile of the Hall signal. Furthermore, increased resistivity has been attributed to the intensified spin scattering rate upon the formation of the SkL texture [16] . The presence of quenched disorders in the superconducting state are known to drive the system into different vortex states and the transitions between them exhibit a variety of unique electrical transport characteristics and a rich phase diagram [17] . The role of quenched disorders in the SkL has been considered theoretically [18] , but the experimental examination is much more scarce. Quenched disorders are expected to cause a deformation of the SkL arrangement [16] and to influence the strength of the emergent field shown in Eq.1 as well as the scattering rates of the conduction electrons. Therefore, tracking down the two electrical transport properties will shed light on understanding the nature of the A-phase and possible discernible states within.
In this letter, we study the field angle dependence of the Hall signal and magnetoresistance (MR), as a function of the magnitude of H and T near and inside of the A-phase of Mn 0.9 Fe 0.1 Si. The boundary of the A-phase in bulk MnSi and similar B20 magnets can be identified empirically by multiple different experimental probesdirect images from LTEM, small angle neutron scattering, AC and DC magnetic susceptibility [3] , and specific heat [20] . Some of these results putatively show the exact boundary in the H-T phase diagram varies slightly as the the direction of field with respect to the crystalline axis, despite the negligible role of crystalline anisotropy [3] .
Field orientation dependence of electrical transport properties unique to the A-phase is expected to shed light on contributions from crystalline anisotropy and quenched disorders viz. Fe-doping in MnSi. We find that the A-phase in the H-T phase diagram is divided into three distinct regions, which we call Region I, II and III : Region I shows most prominently the crystalline anisotropy and pinning, yet overall, both effects turn out weak. Region II , which corresponds to the center of the A-phase, is characterized by the angle-independent MR, which occurs at H m , the magnitude of field where the THE has a maximum magnitude at a given T . Region III is found at elevated T and H above Region II, where the Hall resistivity ρ yx (H) remains constant with increasing H and both MR and Hall signals as a function of the field angle recover the usual functional forms, indicating the background magnetization smoothly increases to the full spin-polarized state. Single crystals of Mn 0.9 Fe 0.1 Si were grown by the Bridgman technique and cut with typical dimensions ≈ 2.7 ×0.8 ×0.1 mm 3 . T C = 6.9 K is determined from the inflection point of the T dependence of resistivity. Six contacts of gold wire and silver paint were made with a contact resistance ≤ 1 − 2 Ω. The Hall and MR signals were measured simultaneously [21] , using 4 -10 mA of applied current, which is at least an order of magnitude lower than the depinning current for MnSi [15] . Samples were mounted on a home-built rotation probe which allows full 2π rotation of the applied magnetic field in the xz-plane with the current I ŷ, as shown in Fig. 2(a) . Polar angle θ is measured from theẑ axis, which is parallel to the crystallographic axis 111 . Longitudinal (ρ) and Hall resistivity (ρ yx ) presented here are symmetrized and antisymmetrized, respectively, with respect to the polarity of H and θ. We found the demagnetization correction, due to the rectangular prism shaped samples, is negligible compared to magnitudes of features we reported. (See Supplementary Materials (SM) [22] for detail). Fig. 1 (a) shows the progression of the Hall resistivity ρ yx (H) as T increases. Unlike epitaxially grown films of MnSi or MnFeSi [23, 24] , in the bulk crystalline samples, the THE signal can be easily identified from the unique H-profile. At T = 5.50 K, ρ yx (H) displays the onset of the THE, which persists throughout the range of T of the shaded region and the narrow bounds of the applied field. As T increases, the small bump in the H-profile, starting at around H ≃ 0.3 T at as low as T = 5.25 K, develops into a "peak-like" anomaly and then "shoulderlike", where ρ yx (H) remains at constant until merging to the background. This region of T and H is referred to as the A-phase. We note the signs of the anomalous Hall signal and THE of Mn 0.9 Fe 0.1 Si here are found to be opposite from those of pure MnSi and this is attributed to sufficiently large Fe doping that alters the electronics structure responsible for the sign of the Berry phase contribution and the polarity of the effective carrier [16] .
Similar progression of the H dependence is also exhibited in fractional MR, Fig. 1(b) in the shaded area. Entering the A-phase, enhanced MR is a consequence from increased spin scattering while the THE emerges from the gauge field acting on the conduction electrons traveling in the periodic SkL plane as expressed in Eq. 1. At the lower T side, further increase of H brings the system back to to the conical magnetic state and MR is decreased back to the background intrinsic H dependence. Simultaneously the emergent magnetic field vanishes, resulting in the reduction of the THE to zero.
As T increases, the ρ yx (H) profile transforms to the shoulder-like dependence, characterized by ρ yx remaining constant at its maximum upon increasing H, as shown at T = 6.00 and 6.25 K. The MR exhibits a similar behavior as there is a rapid increase upon entering the A-phase but it remains elevated, instead of decreasing back down, until the field reaches the spin-polarization field.
We first establish the baseline of the field orientation dependence outside of the A-phase. Region II is shown in yellow shaded area with blue curves in (f) and (h) for 5.75 K and (j) and (l) for 6.25 K, where the angle-independent MR and the recovery of cos θ in Hall signal occurs simultaneously. Region III, appearing at high T , is shown in (j) and (l) as purple curves. The transition from the fully formed SkL state to spin-polarized state cannnot be located exactly. Broken black lines show the fits to the cos θ and cos 2θ for Hall and MR, respectively. and T 's of which values lie well outside of the A-phase. ρ yx (θ)/ρ 0 yx spans from -1 to +1 as θ varies from −π to π. Since ρ yx in this region is largely contributed from anomalous Hall effect due to the background magnetization (M ) the cos θ dependence indicates smooth rotation of M along H. Fig. 2 (d,e) displays the angle dependence of normalized MR, ρ(θ)/ρ 0 , where ρ 0 = ρ(θ = 0). They track the cos 2θ dependence expected for soft ferromagnetic metals, known as anisotropic magnetoresistance (AMR) [25] . As long as T and H lies outside of the A-phase, i.e. either the conical or spin-polarized state, the MR and Hall signals recover cos 2θ and cos θ respectively. Note that the angle sweep at H = 0.15 T at 4.5 K has a distinct curvature near θ = 0 from that of 6 K, which is due to a weak crystalline anisotropy pinning the helical propagation direction.
Next, we present angular dependences of ρ yx and MR in Fig. 3 at three representative T 's within the A-phase. Fig. 3(a-d) shows T = 5.50 K, where both the THE and enhanced MR begin. In the H range of 0.175 < µ 0 H < 0.250 T, the angle dependences exhibit strong deviations from the cosine functions, shaded in (b) and (d). Weak THE signal indicates either low density and/or an imperfect lattice of skyrmions. Similarly, deviations from cos 2θ observed in MR, 3(d), point to the onset of the A-phase as none are observed outside, i.e. at H = 0.15 T. Fig. 3 (e-g) shows T = 5.75 K, where two different H ranges are revealed to show deviations from cos θ (cos 2θ) for the Hall (MR), which are separated by a striking angle-independence in ρ(θ)/ρ 0 . Constant ρ(θ)/ρ 0 signatures within the narrow field range with the simultaneous recovery of cos θ in ρ yx (θ)/ρ 0 yx implies a constant scattering rate of the conduction electrons, only possible with fully formed SkL planes that rotate along H, decoupled from lattice anisotropy or pinning. Moreover the magnitude H matches to the maximum of the THE signal implying freedom from deformation and defects. Below and above, the MR and Hall signals show similar deviations to Fig. 3(b,d) , which is ascribed to crystallographic orientation dependence as well as pinning of skyrmions giving rise to the distorted angular dependence upon nucleating and annihilating skyrmions. Further increasing H, exiting the A-phase and entering the conically-ordered state, the cosine function dependences are recovered. Fig. 3(j) and (l) shows T = 6.25 K, where the deviations of MR and Hall at lower H are still expressed. While ρ yx recovers cos θ and remains as such, MR undergoes the angle-independent behavior in 0.200 ≤ µ 0 H ≤ 0.240 T and then smoothly recovers cos 2θ in H ≥ 0.250, leaving no signature of exiting near the high H boundary. Moreover, the angle response of ρ yx remains as cos θ, while that of MR changes from angle-independent near H m to cos 2θ in H > H m . This behavior confirms formation of the highest density, and long range translational symmetry of SkL that has also disassociated from the crystalline properties. Smooth transformation to cos θ and cos 2θ dependences in the Hall (Fig. 3(j) ) and MR (l) upon increasing H is distinguishable from in Fig. 3 (f) and (h) and it implies the magnetic state in the H range of constant MR and Hall should be discernible from the conical state.
Based on these observations, we infer three separate regions in the H-T phase diagram: (1) Region I -Shaded in red in Fig. 3(b,d,f,h ) and (j,l) to mark the deviations from cos θ and cos 2θ dependence of ρ(θ)/ρ 0 . Near the lower boundary of H where the SkL begins to nucleate, formation of the SkL is premature so that the resulting gauge field responsible for THE must be weak. Thus nucleation of skyrmions and the SkL encounter pinning from the impurities and the crystalline anisotropy [3, 26, 27] , preventing it from closely following the applied field direction resulting in strong deviations from cos θ dependence. (2) Region II -Shaded in yellow in Fig. 3 (f,h) and (j,l) is marked by the constant MR upon rotating H, indicating the emergence of the fully developed SkL decoupled completely from the crystalline lattice and pinning sites. The Hall signal recovering cos θ dependence and reaching its maximum substantiates the fully formed SkL lattice and thus strongest gauge field. Maximally ordered SkL, aligned perpendicular to the conduction electrons at all angles leads to the same scattering cross-section, leading to an isotropic MR signal. This occupies a narrow range of H at the center of the A phase, although it extends close to T C . Only at the lower T side is Region I recovered as H is increased, where the SkL makes a transition to the conically ordered state. (3) Region III -Shaded in purple in Fig. 3 (j,l) , where the angle dependence of MR smoothly recovers cos 2θ after θ-independence behavior. In this region , we note the H dependences of THE and MR exhibit "shoulderlike" features. Approaching T C near the upper T and H boundary of the A-phase, here the SkL maintains the long range translational symmetry while the individual skyrmions are polarized. This picture is consistent with the constant ρ yx (H) for the narrow range of field before merging to the background AHE. Gradual polarization of individual skyrmions would not reduce the emergent field in Eq. 1 abruptly to zero as long as translational symmetry is maintained. Because of the smooth transition to the polarization state, i.e. skipping the conical state, cos 2θ dependence is recovered in the MR, leaving no sign of exiting the A-phase.
The resulting phase diagram is presented in Fig. 4 , where Region I, II and III are indicated with dotted lines. The colormap is generated from ∆ρ yx (H), obtained by subtracting the T -dependent linear background up to the spin polarization field from ρ yx (H) of Fig. 1(a) . The overlaid symbols correspond to (T, H) of ρ(θ)/ρ 0 (white triangle) and ρ yx (θ)/ρ 0 yx (black square), where they deviate from cos 2θ and cos θ respectively. These clearly illustrate the three different regions of the A-phase discussed above. Examining a different Fe doping (8%) sam- ple shows qualitatively the same angle and field dependence [22] and ensures this phase diagram is a unique trait for the A-phase of B20-type magnets.
It is intriguing to juxtapose our classification of the A-phase to what was found in the LTEM images in thin plates of bulk pure MnSi crystals: Multi-domain SkL, single-domain SkL and skyrmion glass [28] . Multidomain SkL consists of separate hexagonal skyrmion lattices existing with distinct boundaries between different orientations similar to grain boundaries of polycrystalline materials. In the LTEM observation in Ref. [28] , this state shows up at low H area of the A-phase, similar to our Region I. The multi-domain SkL implies long range translational symmetry has not been fully established yet at low T 's. The domain boundary is likely to form along the impurities, in analogy to the superconducting vortex. Deformation from the regular triangular lattice would result in a weaker THE signal, as well as increased spin scattering and thus the peak-like H-profile in MR. Further increase of H at these T 's leads to abrupt collapse to the conical state. On the other hand, a fully formed single-domain SkL phase of Region II, where the translational symmetry preserved SkL extends throughout the entire sample, generates the largest and most robust magnitude of the THE, and the plane of SkL, and thus the orientation of the gauge field, closely follows the direction of H. The state in further increased H is denoted as the skyrmion glass phase. Here the individual skyrmions are being polarized, as if dissolving into the ferromagnetic state, yet the triangular SkL is still maintained. This cor-responds to Region III, where the spins comprising the SkL are diffused by applied H, yet the periodic structure of the SkL maintains a non-zero gauge field. It seems that the transition from single domain SkL to skyrmion glass is smooth and adiabatic. Such change is shown theoretically to have little effect on the THE [29] . cos θ dependence of ρ yx is well consistent with such a change, as it results from the anomalous Hall signal, rather than THE.
The role of impurities as pinning centers is found feeble and ineffective and hard to distinguish from crystalline anisotropy. However, these leave explicit signatures on the angular dependences in the electrical transport properties in Region I where the skyrmions are nucleating and erasing. This is consistent with the theoretical consideration that strong interaction with impurity sites occurs at the time of nucleation [30] . Region I as a boundary of the A-phase also explains the field direction dependence of the onset of the A-phase reported from the AC susceptibility [3, 27] . The location of Region I surrounding Region II in both T and H illustrates the nucleation of the skyrmions and their lattice is the most receptive to the crystalline anisotropy and the presence of quenched disorders.
Region II in Fig. 4 resembles the previously reported A-phase core [11] in pure MnSi in terms of constant ρ(θ) upon rotating field. However, our ρ yx (θ) upon rotating H signifies that the emergent field freely rotates along with the applied field, as a consequence of the rotation of corresponding 2D SkL planes independent from underlying crystallinity and pinnings. In the comparison with pure MnSi, the size of the magnetic moment and T C are reduced by a factor of two and four respectively, and the residual resistivity increases 20 times in Mn 0.9 Fe 0.1 Si, which leaves the mean free path of electron only up to a few percent of the lateral size of SkL [16, 31] . Despite these effects, the remarkable robustness found in electrical transport properties should play an essential role in developing skyrmion-based devices and hosting materials and is particularly noticeable in Region II and III.
In summary, we identify three distinct regions within the A-phase in Mn 0.9 Fe 0.1 Si, reflecting a series of distinct SkL states from nucleating out of conical ordering to vanishing into spin polarized state as a function of T and H. The role of crystalline anisotropy and pinning due to Fe impurities is only discernible in Region I, while the characteristics of Region II and III are identified from anisotropic electrical transport responses. Experimental distinction of the multiple magnetic states provides the basis for flexible geometries in devices utilizing skyrmionbased electrical responses. These results do not necessarily imply that these three states are thermodynamically distinguishable, for which further investigation is definitely required. Contribution to demagnetizing fields is tracked down as the applied field is rotated, which arises from a rectangular prism shape of the samples used in our magnetotransport measurements. Geometry of measurement is shown is in Fig. 2 (a) in the main text. We calculate the demagnetization correction factor, N (θ), [1, 2] using the sample dimensions. Fig. S1 (a) displays N (θ) , of which maximum, 0.8, occurs near θ = 0
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• , i.e. the field angle lies out of plane of the face of the largest area and the minimum value, 0.16, at θ = 90
• . Next, using the magnetization vs applied field at θ = 0 and θ = 90
• measured on the same sample (data not shown), we deduce the variation of the magnitude of field as a function of θ and the corresponding MR deviation.
In Fig. S1 (b) , the dotted line shows ρ xx (θ)/ρ xx (θ = 0) the sole contribution of MR variation arising from N (θ). Characteristics of measured data displayed in solid lines are unambiguously discernible from the demagnetization correction in both magnitude of variation and functional form with respect to θ. As H increases, the demagnetization correction reaches close to 50% as shown at µ 0 H = 0.375 T. This can affect the angular dependence in transport quantity.
However, this range of field, i.e. H > 0.3 T corresponds to Region III of the A-phase or spin polarized state. The boundary between Region II and III lies at lower fields as dictated from the H-dependence, the demagnetization corrections do not affect our observation. In fact, the size of error bars is at most the same or less than the size of symbols (white triangles and black squares) for data points marking the boundaries of Region I, II and III in Fig. 4 of the main text. We find qualitatively important features of the phase diagram within the A-phase remains robust in the presence of demagnetization fields, which is also consistent with what was reported previously [3] . for two Fe doping contents, 8% (line) and 10% (symbol+line) at θ = 45(b,d) and 90
• (a,c). H-sweep in (a) and (b) are at T = 5.75 for 10% sample and 6.50 K for 8%, where both samples shows "peak-like" behavior in MR and Hall effect. (c) and (d) are at T = 6.25 (10%) and 7.0 K (8%), where "shoulder-like" H-dependence is exhibited. Red, orange and purple shades correspond to Region I, II and III respectively. Fig. S2 (a) and (b) shows the H-dependence of the MR signal in two different Fe doped samples -10% and 8% at two angles of θ = 45 and 90
• . The data in (a) and (b) are taken at 5.75 K for the 10% sample and at 6.5 K for the 8% sample, the temperatures where each sample exhibits the "peak-like" H-dependence in MR and Hall in the Aphase. The feature occurring at different T 's is due to the difference in T C (6.9 K for 10% vs 8.0 K for 8%). Similarly, the shoulder-like features of MR of the two samples are shown in (c) and (d), which are taken at T = 6.25 K and 7.0 K for 10% and 8% sample respectively. Both sets of data (a,b) and (c,d) correspond to the vertical cuts ( i.e. constant temperature) of the phase diagram in the Fig. 4 in the main text and the colors of shade indicates different Regions within the A-phase. Identical features of the maxima and valleys in the H dependence occur at the same Regions as well as outside of the A-phase. Thus, the observed magnetotransport characteristics are general properties of the A-phase, rather than traits of individual sample or specific disorder configuration.
